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and can detoxify inhibitory molecules that are liberated during degradation of lignocellulosic feedstocks (5, 6) , and it can be engineered for the production of biofuel components and high-value compounds, including wax esters and triacylglycerides (7, 8) . ADP1 has also been used to construct cell-based biosensors for salicylate and components of crude oil (9, 10) . Facile engineering of the ADP1 genome to edit and add to metabolic and sensing pathways is made possible by its constitutive expression of a competence apparatus that enables it to efficiently take up DNA from its environment in a non-sequence-specific manner (11) . ADP1 can also transform fragmented and damaged DNA or mutagenized PCR products to introduce sequence variation at specific sites in its genome for optimizing engineered functions (12, 13) .
Insertion sequence (IS) elements are minimal transposons that are widespread in bacteria (14) . They contribute to mutagenesis by encoding transposases that move or copy their DNA sequences to new locations in a genome and by acting as long repeated sequences that can mediate homologous recombination events that lead to deletions and other large-scale genome rearrangements (15, 16) . IS elements can be significant sources of genetic instability in engineered bacterial cells. For example, they are often the dominant source of spontaneous mutations that rapidly inactivate the heterologous expression of costly recombinant proteins from plasmids (17, 18) .
The genome of A. baylyi ADP1 contains a total of six IS elements, all of the same IS1236 type (19, 20) . IS1236 elements are members of the IS3 family (21) . They operate by a copy-paste mechanism and insert randomly without any strong target site sequence bias. Five of the six IS1236 copies have identical sequences. Two of these are located in close proximity on the chromosome, forming a composite transposon (Tn5613) that can also mobilize two hypothetical genes located between the IS copies (22) . The sixth copy (IS1236) has evolved to be nonautonomous. It shares only 82% nucleotide identity with the other copies and has a frameshift mutation in its transposase gene (23) .
We and others have observed that a considerable proportion of the mutations that occur in A. baylyi ADP1 are due to IS1236 activity. This transposable element family was initially characterized due to the prevalence of IS1236 insertions among mutations inactivating certain protocatechuate catabolism genes (20) . IS1236 elements constitute 25 to 40% of all new mutations that accumulate during long-term adaptive laboratory evolution experiments with ADP1 (24, 25) , including mutations in competence genes that often arise during laboratory culture and reduce or eliminate the transformability of the strain (25, 26) . The DNA cleavage activity associated with IS1236 elements may also contribute to certain gene amplification events (23, 27) .
In this study, we sequenced the genomes of A. baylyi ADP1 isolates that had been evolved under relaxed selection for 300 days and found that IS1236 elements were directly responsible for 26% of all spontaneous mutations. Therefore, to improve the genetic stability of ADP1, we engineered an IS-less version of the strain (ADP1-ISx) by deleting all six IS1236 copies. Characterization of the final strain revealed that ADP1-ISx exhibited a much larger reduction in mutation rates than expected and also significantly greater cell yields and transformation frequencies. These beneficial traits in the "clean-genome" ADP1-ISx strain make it an improved platform for bioengineering applications that take advantage of its metabolic versatility and high natural transformability.
RESULTS AND DISCUSSION
Spontaneous mutation rates in A. baylyi ADP1. We measured genome-wide spontaneous mutation rates in ADP1 by sequencing 17 strains from a previous mutation accumulation (MA) experiment (25) . Each of these clonal isolates represents the endpoint of a lineage that evolved for ϳ7,500 generations (cell doublings) over 300 days of passaging colonies on LB agar. The filtering effect of natural selection is greatly reduced in MA experiments because every lineage experiences a single-cell bottleneck when a random colony is selected each day for propagation. This design enables genetic drift to dominate over selection and causes the rates at which mutations appear in MA lineages to be very close to the rates at which they spontaneously arise in a genome (28) .
We found a total of 66 mutations across all 17 clones, with zero to nine mutations in each individual clone (Fig. 1A) . Despite this wide range, the distribution of mutation counts across these independent lineages was still compatible with no difference in the underlying genomic mutation rate that each experienced (P ϭ 0.45; Kruskal-Wallis test). The overall estimated mutation rate for ADP1 is 0.52 mutations per genome per 1,000 generations (Poisson 95% confidence interval, 0.40 to 0.66).
A majority of the mutations observed in the MA lines were base substitutions (n ϭ 36). The estimated total base substitution mutation rate is 0.79 ϫ 10 Ϫ10 per base pair per generation (Poisson 95% confidence interval, 0.55 ϫ 10 Ϫ10 to 1.09 ϫ 10 Ϫ10 ). This value is similar to those found in other gammaproteobacteria, including Escherichia coli (29) , Vibrio spp. (30) , and Pseudomonas aeruginosa (31) , for which estimates from MA experiments range from 0.7 ϫ 10 Ϫ10 to 2.1 ϫ 10 Ϫ10 substitutions per base pair per generation. Other mutational signatures in ADP1 were also similar to those observed in other bacterial species. Transitions were more common than transversions, and G·C¡A·T base pair substitutions were the dominant type of point mutation (Fig. 1B) .
Of the 29 base substitutions in protein-coding regions, 8 were synonymous. If these mutations were redistributed purely by chance in coding portions of the ADP1 genome while preserving the observed number of each type of base pair substitution (e.g., 20 G·C¡A·T mutations), then 13.8% to 37.9% of the mutations would be expected to be synonymous (95% confidence interval). Thus, the observation of 27.6% synonymous mutations is compatible with greatly reduced selection for fitness during the experiment.
Of the 66 total mutations, 7 were insertions of IS1236 elements at new locations in the genome and 10 were deletions with at least one end adjacent to an IS1236 element (Fig. 1A) . These 17 IS-mediated mutations were spread throughout 12 of the 17 sequenced clones with a single event per genome, except that one clone had five of these mutations and another had two. This proportion of IS-mediated mutations (17/66) was not significantly different from that observed for a set of largely beneficial mutations (30/75) found in a previous adaptive evolution experiment (25) (two-tailed Fisher's exact test; P ϭ 0.073), implying that, when considered together, IS elementmediated mutations are not systematically much more or less beneficial than other types of mutations in A. baylyi. Four of the IS1236-mediated deletions were recombination events between the two IS elements flanking Tn5613 that eliminated its two cargo genes of unknown function. These deletions were also commonly observed in the adaptive evolution experiment (25) . The remaining 13 nonpoint mutations included 6 indels of Յ50 bp, 5 larger deletions, and two larger duplications (Fig. 1A ). MA01  MA02  MA04  MA05  MA07  MA10  MA12  MA15  MA16  MA17  MA18  MA19  MA20  MA21  MA22  MA23 MA24 ADP1-ISx strain construction. To eliminate IS elements as a source of mutations that could inactivate engineered DNA constructs, we deleted all six of the IS1236 elements in the ADP1 genome in five sequential cycles of genome editing to create strain ADP1-ISx ( Fig. 2A) . To avoid the unwanted spread of new IS1236 copies into unknown regions of the genome during strain construction, we used quantitative PCR (qPCR) to verify that the IS1236 copy number in the genome decreased after each deletion (Fig. 2B) .
Whole-genome sequencing of candidate ADP1-ISx strains revealed that they were free of IS1236 elements but had all accumulated two secondary mutations (see Table  S1 in the supplemental material). The altered genes were rpoD, which sustained an in-frame deletion of 3 bp in an (AAG) 3 repeat, and cyoB, which acquired a nonsynonymous point mutation. RpoD is the ADP1 homolog of 70 , the major housekeeping sigma factor (32) . CyoB is a subunit of the cytochrome bo terminal oxidase complex that is involved in respiration (33) .
The ADP1 genome-editing procedure involves repeated transformations, growth of liquid cultures in LB broth, and growth of colonies on LB agar in the presence of kanamycin (Kan) or 3=-azido-2=,3=-dideoxythymidine (AZT) (1) . Secondary mutations can accumulate by chance if they happen alongside the desired edits whenever a single colony is picked during this procedure (much like in the MA experiment). Alternatively, given the important roles of rpoD and cyoB in aerobic growth, it is possible that one or both of these mutations might have been favored under some or all of these culture conditions. In particular, the cyoB mutation may have been beneficial in response to repeated kanamycin exposure (34) . Under normal laboratory conditions, an ADP1-ISx candidate strain with these two mutations exhibited greatly compromised growth (Fig. 3) . It had significantly longer lag times and doubling times in liquid cultures than wild-type ADP1 in both LB broth and minimal succinate (MS) defined medium (P values were Ͻ10 Ϫ6 for two-tailed tests on each parameter in both media, as described in Materials and Methods). For example, the doubling time of the ADP1-ISx-rpoD-cyoB strain was 65 min in LB broth compared to 35 min for wild-type ADP1. Therefore, we reasoned that it might be possible to repair one or both of these mutations by transforming an ADP1 culture with PCR products containing the wild-type versions of the two genes and then passaging the cells. After Ͻ30 generations of serial transfer and regrowth in LB broth, we found that every large colony that we sequenced had reverted to wild-type versions of both genes. Wholegenome sequencing verified that one of the colonies now had no mutations in its genome aside from the five planned deletions of IS1236 elements. Growth curves of this final ADP1-ISx strain (Fig. 3) showed that its doubling time during exponential growth was now indistinguishable from that of wild-type ADP1 in both LB and MS media (P ϭ 0.94 and P ϭ 0.82, respectively). Interestingly, ADP1-ISx was able to grow to saturation more rapidly because it had a significantly shorter lag time than wild-type ADP1 in both LB and MS media (P ϭ 0.011 and P Ͻ 10 Ϫ6 , respectively).
Reduced rate of inactivating mutations in ADP1-ISx. We next used a forwardmutation assay to determine if mutation rates were reduced in the engineered ADP1-ISx strain. Specifically, we measured the rates of loss-of-function mutations in a tdk reporter gene when it was integrated at several different chromosomal locations in each strain background ( Fig. 2A) . Loss of the function of this gene gives resistance to killing by azidothymidine (AZT r ). We found ϳ21-fold-reduced (site 1), ϳ7-fold-reduced (site 2), and ϳ13-fold-reduced (site 3) mutation rates in ADP1-ISx compared to wildtype ADP1 (Fig. 4A) .
Variation among the mutation rates measured at each of these three sites is consistent with greater stabilization of the ADP1-ISx chromosome at locations that are nearer to active IS1236 elements in wild-type ADP1. The largest mutation rate reduction was found at site 1, which is only 1.3 kb away from Tn5613. Site 3 is located 76.9 kb from the nearest IS element and has an intermediate level of reduction in mutation rates. Site 2, which exhibited the smallest mutation rate reduction, is also located very near an IS element, but it is the mutated IS1236 copy. Therefore, this result provides further evidence that the element is inactive. Taking this into account, site 2 is actually the furthest of the three sites from the nearest active IS element, which is 910.4 kb away. IS1236 mutations and point mutations were inferred from an expected size change or no size change in this fragment, respectively. When no PCR product resulted and the function of the adjacent aph marker gene that was inserted alongside the tdk gene was also lost (yielding a Kan s versus a Kan r phenotype), then the inactivating mutation was inferred to be a large deletion. If there was no PCR product and the mutant remained Kan r , then it was likely a large deletion that overlapped the tdk gene but not the aph gene. However, since the PCR could have failed to amplify a band for other reasons, we conservatively classified this as an "ambiguous" result. This logic for classifying mutations is illustrated in the schematic below the legend and further explained in the text (see "Altered mutational spectrum in ADP1-ISx"). As expected, no IS1236 insertions were found in ADP1-ISx. The proportion of large deletions among the inactivating mutations was also greatly reduced at site 1 and site 2.
Overall, the rates of inactivating mutations in wild-type ADP1 at different sites in the chromosome varied by around 3-fold, and these mutation rates were highest at the two sites that were within 100 kb of active IS elements. This range of variation is broadly consistent with those in previous studies that have looked at the proportions of inactivating mutations caused by insertions of IS1236 and Tn5613 at various genetic loci in ADP1 (20, 22) . However, all of the measurements comparing ADP1-ISx to wild-type ADP1 found much larger decreases in mutation rates than the ϳ1.3-fold expected from the overall contribution of IS elements to mutagenesis found in the MA experiment, where they accounted for just 26% of all spontaneous mutations. Even considering that IS insertions are more likely to disrupt a gene than point mutations, inactivating mutations were much rarer than we expected in ADP1-ISx.
Unchanged point mutation rate in ADP1-ISx. In order to understand if lower rates of point mutations in ADP1-ISx contributed to the greater than expected improvement in its genetic stability compared to wild-type ADP1, we next performed a reversemutation assay (Fig. 4B) . Specifically, we inserted a spectinomycin resistance (Spec r ) gene with a stop codon introduced near the beginning of its reading frame into the chromosome of each strain at site 4 ( Fig. 2A) . Selecting for spectinomycin-resistant mutants was expected to be specific for measuring the rates of base substitutions that restore gene expression by changing the stop codon to a sense codon. The mutation rate estimated for ADP1-ISx (3.8 ϫ 10 Ϫ9 per cell per generation) for this assay was slightly higher than that found for wild-type ADP1 (2.7 ϫ 10 Ϫ9 per cell per generation), but this difference in mutation rates was not statistically significant (P ϭ 0.054; likelihood ratio test) (35) . Thus, point mutation rates appear to be unchanged or, if anything, slightly higher in ADP1-ISx.
Altered mutational spectrum in ADP1-ISx. Next, we compared the types of inactivating mutations that occurred in ADP1-ISx versus wild-type ADP1 (Fig. 4C ). For each of the six test strains, we analyzed 24 independent AZT r mutants isolated during the fluctuation assays by attempting to amplify a 767-bp PCR product containing the tdk gene from their genomes. Insertion of a new IS1236 copy within the tdk gene would increase the size of this PCR product to ϳ2,000 bp. Point mutations and small insertions or deletions in the tdk gene would lead to no visible change in PCR product size. Larger deletions that removed a portion of the tdk gene and adjacent genome regions extending past the primer binding sites would lead to no amplification product. To corroborate these PCR results, we further tested for whether function of the Kan r gene located adjacent to tdk in the reporter cassette was maintained in each mutant. If a strain with no PCR product was also kanamycin sensitive (Kan s ), then it was further evidence that a larger deletion that overlapped both the tdk gene and the adjacent Kan r marker gene had occurred. If, on the other hand, a strain with no PCR product remained kanamycin resistant, then we classified the mutation as an "ambiguous" diagnosis. This situation could indicate that there was a deletion overlapping the tdk gene but not the Kan r marker gene, or it could be the result of a PCR that failed for some other reason.
As expected, we found no evidence of IS insertions in the ADP-ISx strains, though they were responsible for 12.5% to 29.2% of the mutations in wild-type ADP1, depending on where the reporter gene was integrated into the chromosome. For site 1 and site 2, a large fraction of the inactivating mutations in wild-type ADP1 resulted in no PCR band: 58.3% for site 1 and 70.8% for site 2. A majority of these mutants were also kanamycin sensitive (10/14 for site 1 and 12/17 for site 2), which is consistent with the mutants having large deletions that overlap both the tdk and Kan r genes. The spectrum of mutations shifted markedly in ADP1-ISx. Only point mutations were found at site 2 in ADP1-ISx, and 87.5% of mutations at site 1 were point mutations. Thus, deletion of IS elements from ADP1 resulted in a lower rate of IS insertions, as expected, but also fewer large deletions, which are apparently mediated by the action of IS elements. This result could potentially explain the greater than expected reduction in mutation rates in ADP1-ISx.
Site 3 exhibited a different change in mutational signature. Here, there were fewer mutants with no PCR band in wild-type ADP1 (41.7%), and the proportion of these mutants was similar in ADP1-ISx (54.2%). Again, these mutants were mostly kanamycin sensitive, 7/10 for wild-type ADP1 and 10/13 for ADP1-ISx. These results are consistent with large deletions occurring at this site via a mechanism that is not directly dependent on IS activity. We found a 14/15-bp match for a sequence within the aph (Kan r ) gene to a region 3,108 bp upstream of the tdk-Kan r gene cassette insertion site that is a candidate for homology that might mediate a deletion hot spot there (36) . However, it remains unclear why there is an overall decrease in the mutation rate at site 3 without a commensurate shift in the mutational spectrum away from IS-related mutations.
Increased transformability with reduced autolysis in ADP1-ISx. As we constructed strains for testing mutation rates by transforming reporter cassettes, we noticed that this process appeared to be more efficient in ADP1-ISx. Directly testing for a change showed that ADP1-ISx exhibited significantly increased transformation frequencies for PCR products containing the tdk-Kan r gene cassette (into site 2) or a Spec r gene (into site 4) (Fig. 5A ). ADP1-ISx was 7.6-fold and 3.3-fold more transformable than wild-type ADP1 in the site 2 and site 4 assays, respectively.
We also observed a slight but significant increase in the final optical density (OD) of cultures of ADP1-ISx (Fig. 3) in both LB and MS media (P ϭ 0.00098 and P ϭ 0.0028; two-tailed Welch's t tests comparing ODs after 18 h in LB and MS media, respectively). In further exploring this difference, we found that there were ϳ4 times as many CFU in saturated LB cultures of ADP1-ISx as there were for wild-type ADP1 (Fig. 5B) . Additionally, when these cultures were left unshaken on a bench, wild-type ADP1 settled to a pellet in the bottom while ADP1-ISx cells remained in suspension for days (Fig. 5C) . We have seen differences in cellular aggregation in evolved ADP1 strains previously, though it was increased aggregation in this case (25) . Taken together, these observations seemed to indicate that there were either more viable cells, less aggregation of those cells (leading to more CFU per cell), or both in ADP1-ISx cultures.
One possible explanation for the reduced viable-cell counts and transformability of wild-type ADP1 compared to ADP1-ISx could be that deleting IS1236 elements decreases autolysis. Genomic DNA released from dead cells would be expected to compete with the exogenous DNA added in transformation assays for uptake into cells. In line with this hypothesis, we found that the concentrations of extracellular DNA that accumulated in cultures grown in MS medium were higher for wild-type ADP1 (154 ng/ml) than they were in ADP1-ISx (63.2 ng/ml) at 24 h, and this difference became even more pronounced after 48 h (Fig. 5D) . LIVE/DEAD staining found large amounts of autolysis in normal cultures of wild-type ADP1 grown in LB broth, while ADP1-ISx cultures exhibited much less cell death (Fig. 5E ). The same trend was found in MS medium, though the fraction of cells staining as dead was lower for both strains under these conditions: 6.4% Ϯ 4.6% for wild-type ADP1 and 1.8% Ϯ 1.4% for ADP-ISx (95% CI). Thus, reduced autolysis of ADP1-ISx may contribute to its improved transformability.
It is also possible that the improved transformability of ADP1-ISx is due to other factors. For example, the activity of IS1236 elements could inhibit successful transformation after exogenous DNA is inside a cell. This effect could be direct, if the IS1236 transposase interacts with or inactivates DNA structures that are intermediates involved in successful integration into the chromosome. Alternatively, IS1236 activity could indirectly modulate DNA repair pathways that are also required for transformation (37) , by drawing the necessary factors away to sites of transposition, for example. Increased aggregation of cells in a wild-type ADP1 culture compared to an ADP1-ISx culture related to the settling phenotype might also reduce transformability by restricting the surface area of ADP1 cells that is accessible to added DNA for uptake.
Importantly, increased aggregation might complicate our measurements of transformation frequencies and mutation rates if 1 CFU contains multiple (and more) cells for wild-type ADP1 compared to ADP1-ISx. Only one cell in an aggregate needs to be transformed or mutated for it to form a colony on a selective plate, yet it is counted as a single CFU on a nonselective plate regardless of the number of cells in the aggregate. The consequence is that what are normally assumed to be "per-cell" transformation and mutation rates will be overestimated for a strain exhibiting more aggregation because they actually reflect "per-aggregate" rates. Essentially, there are multiple chances (one for each cell) for the aggregate as a whole to give a signal of transformation or mutation.
Considering the potential effect of aggregation on our measurements, it is clear that it could not explain our finding that ADP1-ISx is more transformable than wild-type ADP1. The opposite relationship, with ADP1 appearing to be more transformable, would be expected if aggregation were the only factor. In contrast, an aggregation artifact could potentially explain why there was a larger decrease in the apparent per-cell inactivating mutation rates estimated for ADP1-ISx relative to wild-type ADP1 than was expected from the overall contribution of IS1236 to mutagenesis (Fig. 4A) , including the large decrease at site 3 without much change in the mutational spectrum (Fig. 4C) . However, we would also expect to find a commensurate difference in our measurements of point mutation rates between wild-type ADP1 and ADP1-IS, and we did not (Fig. 4B) . Therefore, we conclude that any change in aggregation between wild-type ADP1 and ADP1-ISx does not explain the dominant trends we see in these measurements.
Deleting error-prone polymerases does not further reduce the mutation rate. Deletion of the three stress-induced error-prone polymerases Pol II, Pol IV, and Pol V from IS-less E. coli strain MDS42 has been shown to reduce its inactivating mutation rate by approximately 50% (38) . We investigated whether a similar improvement was possible in ADP1-ISx. ADP1 encodes homologs of two of these E. coli polymerases: Pol IV (dinP) and Pol V (umuDC). However, the polymerase function of the umuDC complex is no longer intact. ADP1 umuC is a pseudogene interrupted by a transposase fragment derived from an ISEhe3-like element (39) . The size and regulation of the ADP1 umuD gene differs from that of E. coli, and this distinct protein subfamily (encoded by a gene designated umuD Ab [the umuD gene of A. baylyi]) acts as a regulator of the DNA damage response in Acinetobacter species (39) (40) (41) .
We created ADP1-ISx strains with dinP and umuD Ab deleted, singly and in combination. No significant difference in the rate of inactivating mutations in the tdk gene integrated into the chromosome at site 2 was found among these three deletion strains (Fig. 6 ). To test whether there was a difference in mutagenesis under conditions in which error-prone polymerase expression might be induced to a higher level, we repeated the assay in the presence of subinhibitory concentrations of nalidixic acid. Nalidixic acid causes double-strand breaks and thereby induces the expression of error-prone polymerases via the SOS response in E. coli and other bacteria (42) . We found that nalidixic acid increased the rate of mutations in the ΔumuD Ab mutant and ADP1-ISx to the same extent. Thus, deleting dinP and umuD Ab appears to have no benefit with respect to further reducing the mutation rate of ADP1-ISx.
Comparison to other clean-genome bacterial strains. Several other studies have deleted selfish DNA elements and nonessential genes from bacterial genomes to enhance the biotechnology performance characteristics of the bacteria (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) . One comprehensive effort has been the development of the streamlined E. coli strain MDS42 (43). MDS42 was derived from E. coli K-12 by deleting all active IS elements, all prophage remnants, and many nonessential genes from its chromosome. The rates of mutations inactivating a chromosomal reporter gene are lower in MDS42 than in its progenitor strain (43) , and these mutation rates were further reduced in subsequent work by deleting all three error-prone polymerases from its genome (38) . Genetic stability is improved in MDS42 to the point that plasmids encoding highly toxic proteins that are rapidly inactivated in wild-type E. coli can be propagated in the strain (17) . MDS42 also exhibited an unanticipated increase in electroporation efficiency. The exact reason for this improvement is unknown, as many genes were deleted in the strain, but it is thought to result from the deletion of fimbriae that might inhibit access of DNA to the cell surface.
Pseudomonas putida EM383, a streamlined chassis strain derived from KT2440, also showed enhanced properties after the deletion of flagellar genes, four prophages, and both of its active transposons (Tn7 and Tn4652) (52) . EM383 exhibits increased retention of functional plasmids during prolonged culture and has improved growth character- istics. Similarly, deleting either of two families of active IS elements from the Corynebacterium glutamicum ATCC 13032 genome improved its properties (44) . The resulting WJ004 (with all four ISCg1 elements deleted) and WJ008 (with all four ISCg2 elements deleted) strains exhibited up to 6-fold-increased electroporation efficiency and greater recombinant protein yields while maintaining the same growth rates as the parental strain. Reduced-genome strains of Bacillus subtilis 168 can exhibit improved cell yield and enzyme or chemical production (45) . In this species, there is typically a gradual decrease in transformability as large regions of the chromosome are deleted (45, 53) . However, this loss can be compensated for, and transformation can even be improved over wild-type levels, by overexpressing competence regulators (54) . Overall, our results with ADP1-ISx are broadly similar to the results of these studies of other clean-genome bacterial strains. We have explicitly shown that fewer inactivating mutations occur in ADP1-ISx, and it exhibits an unanticipated improvement in the efficiency of natural transformation. Conclusions. Directed evolution is a powerful tool for creating novel biomolecules that do not exist in nature and for optimizing complex cellular systems, but when inadvertent and unchecked, unplanned evolution can impede progress in bioengineering by introducing mutations that lead to unpredictable failures of DNA-encoded functions. Our work constructing ADP1-ISx further highlights the effectiveness of a rational genome "cleanup" strategy to improve a cellular chassis and the collateral benefits that often accompany domesticating an organism in this way. In microbial species that harbor a manageable number of IS elements, deleting these agents of instability may often be the simplest fail-safe approach for a high payoff in terms of improving genome stability and cell productivity. A. baylyi ADP1-ISx is an upgraded chassis for synthetic biology and genetic studies that wish to take advantage of its natural transformability.
MATERIALS AND METHODS
Strains and culture conditions. A. baylyi ADP1 cultures were grown in LB or MS medium at 30°C with orbital shaking, as previously described (25) . The media were supplemented with 50 g/ml Kan, 60 g/ml Spec, or 200 g/ml AZT, as specified. Engineered ADP1 strains were archived at Ϫ80°C in 15 to 20% (vol/vol) glycerol. Prior to all experiments, cell stocks were thawed on ice, diluted 1:1,000 in the appropriate media, and grown overnight. Then, these revived cultures were diluted 1:1,000 and grown for an additional 24 Ϯ 1 h for preconditioning to the culture conditions of an experiment. Cell dilutions for plating on agar were made in sterile saline (0.85% [wt/vol] NaCl).
MA experiment. The MA lines were generated in prior work (25) . Briefly, 18 ADP1 lineages were passaged through 300 daily single-cell bottlenecks by picking an arbitrary colony from LB agar, streaking it out to single colonies, and allowing regrowth for 24 h before selecting the next colony to transfer. This procedure gives ϳ25 cell divisions (generations of regrowth) each day for an estimated total of ϳ7,500 generations of evolution over the course of the entire MA experiment.
Genome sequencing. DNA was isolated from evolved clones from the MA experiment and genomeedited clones from the construction of ADP1-ISx and then prepared for sequencing as described previously (25) . These samples were sequenced to Ͼ100ϫ coverage using the Illumina HiSeq 2500 platform at the University of Texas at Austin Genome Analysis and Sequencing Facility (GSAF). Read files were analyzed by using the breseq computational pipeline (v0.28.0) (55, 56) to predict mutations, including IS element insertions and other types of structural variation, relative to the ADP1 reference genome (GenBank accession no. NC_005966.1) (19) . When counting mutations in the MA experiment, we removed genome differences that we previously identified as being in our original laboratory strain (25) , and we also did not include an insertion of a single G that was present in 15 of the 17 sequenced genomes at a site 74 bp upstream of the atpI gene because it was most likely already present in the original culture that was used to found these lineages. Statistical tests were performed in R (v3.3.2) (57). The final mutation predictions are provided in Table S1 in the supplemental material.
Genome modification. Enzymes were purchased from New England BioLabs (Ipswich, MA). Phusion polymerase was used for all PCRs. Primer sequences are provided in Table 1 . The tdk-Kan r gene dual-selection cassette was PCR amplified from the per gene knockout strain from the ADP1 single-gene deletion collection (58) using primers P1-F and P2-R. For each IS or gene deletion, ϳ1,000 bp of flanking sequence on each side of the deleted region was amplified in two additional PCRs. Primers P3-F and P1=P4-R were used for the upstream region, and primers P2=P5-F and P6-R were used for the downstream region. The PCR products were cleaned up using the GeneJet purification kit (Thermo Scientific). The two flanking-region products and the tdk-Kan r gene cassette were joined by overlap PCR to create the "knockout cassette." Two PCR products for the flanking regions were joined in a separate overlap PCR to produce the "rescue cassette" used for scarless tdk-Kan r gene cassette removal. To add overlap in this case, the upstream region was amplified with primers P3-F and P5=P4-R, and the downstream region was temperature cycles with only the templates present (no primer addition), followed by 20 further cycles with the external primers P3-F and P6-R. The final amplified cassettes were digested with 40 U DpnI by adding 2 l of enzyme to each 50-l PCR mixture and incubating for 1 h at 37°C. Then, they were purified again using the GeneJet PCR purification kit before transformation. Each genome modification involved two transformation steps. First, 70 l of ADP1 cells from a preconditioned LB culture of the strain being edited was added to 1 ml of LB broth containing 100 ng of knockout cassette DNA. After overnight growth (16 to 24 h), 100 l of the transformation culture and 100 l of a 1:10 dilution were plated on LB-Kan plates, and 100 l of a 10 6 dilution were plated on LB medium to monitor transformation frequencies. In most cases, plating 100 l from a 1:10 dilution of a transformation culture resulted in ϳ30 colonies on LB-Kan. In the second step, the integrated tdk-Kan r gene cassette was replaced using the corresponding rescue cassette PCR product with the same transformation procedure, except plating on LB-AZT plates to select for removal of the tdk-Kan r gene cassette. Each step was typically carried out with three or more replicates so that independently derived clones could be screened for success. Whole-cell PCR was used to confirm successful integration and loss of the tdk-Kan r gene cassette at each step.
Each IS element was deleted one at a time using this procedure, except for the two IS1236 elements in Tn5613 (number 2 and number 3), which were deleted simultaneously. This double IS deletion also removed two putative genes of unknown function (ACIAD0955 and ACIAD0956) located between the IS elements and was designed to preserve a stop codon in an adjacent gene of unknown function (ACIAD0959) that overlaps IS1236 number 3.
The dinP and umuD Ab deletions were constructed in the repaired ADP1-ISx strain background. The double mutant was made by adding the umuD Ab deletion to the ΔdinP strain. The ΔumuD Ab single mutant produced small colonies on LB agar and did not reach saturation in LB liquid after 24 h of growth.
Its growth defect appears to be due to a secondary mutation that occurred during our strain construction, as ΔumuD Ab strains constructed by others have been reported to exhibit normal growth (39) . The ΔdinP and ΔdinP ΔumuD Ab strains that we constructed grew normally.
qPCR monitoring of IS deletion. We used qPCR to monitor the relative copy numbers of IS1236 elements during ADP1-ISx strain construction. Genomic DNA (gDNA) was purified from at least three of the clones confirmed by PCR to have a successful deletion of each targeted IS copy. The Qubit dsDNA BR assay kit (Invitrogen) was used to determine DNA concentrations in these samples.
qPCRs were set up with gDNA (1.1 ng/l), IS-F, and IS-R primers (0.5 M each) and SYBR green dye real-time PCR master mix (Applied Biosystems). These primers amplify a 119-bp product common to all six IS1236 elements (Table 1 ). More cycles of PCR amplification (R n ) were required to surpass an arbitrary signal threshold in each successive strain that removed additional IS1236 elements from the ADP1 genome. Clones with a higher R n value were used to continue the deletion procedure.
Growth curves. Growth curves for wild-type ADP1 and ADP1-ISx were initiated by making 1:1,000 dilutions of cultures preconditioned in LB or MS medium in 50 ml of the same medium in 250-ml Erlenmeyer flasks. The optical density of samples removed from these cultures was measured at 600 nm (OD 600 ) to monitor growth. These assays were carried out in triplicate. Time points at which the mean of the OD 600 values across replicates was less than 0.25 were used for nonlinear least-squares fitting to a model with exponential growth rate and lag time parameters using R (v3.3.2) (57). Differences in growth rates or lag times between two strains were evaluated by simultaneously fitting the OD 600 data for both strains to a model that allowed just one global value for this parameter for both strains and then examining the significance of an added offset that allowed for per-strain variation in that parameter.
Reversion of cyoB and rpoD mutations. Regions of the wild-type ADP1 genome consisting of ϳ1,000 bp upstream and ϳ1,000 bp downstream of the cyoB or rpoD mutation were amplified by PCR. These PCR products were DpnI digested and gel purified. Then, 250 ng of each PCR product was transformed into the same culture of ADP1-ISx under standard conditions. After 12 h of growth, 100 l of this culture was transferred into 10 ml fresh LB broth. After 6 h of growth, 100 l was transferred again into 10 ml LB broth. After a final 6 h of growth, 100 l of a 10 6 dilution was plated on LB agar. PCR and Sanger sequencing showed that all 12 of the large colonies picked from this LB plate had reverted to wild-type sequences for both genes. After whole-genome sequencing to confirm that it had not accumulated any new secondary mutations, one of these clones was designated ADP1-ISx and used in all further experiments.
Gene inactivation mutation rate assays. Three pairs of strains derived from ADP1-ISx and wild-type ADP1 were constructed, each with the tdk-Kan r gene cassette inserted at a different genomic site using the methods described above. For each of these strains, 30 independent 40-l LB broth cultures, each containing ϳ500 CFU from a dilution of a preconditioned culture, were started in 96-well microplates. These plates were sealed with adhesive foil and incubated at 30°C with orbital shaking at 250 rpm. Following overnight growth, the entire volume of 24 of the cultures for each of the six strains was independently plated on LB-AZT plates. A 10 6 dilution of the remaining six 40-l cultures of each strain was plated on nonselective LB plates. After incubation at 30°C for 30 h, colonies on the selective and nonselective plates were counted. Mutation rates were calculated from these counts using FALCOR (59) .
To compare the types of mutations leading to AZT resistance in each strain, one colony was picked from each selective plate in the fluctuation tests and grown overnight in liquid LB medium. We then used PCR with primers P1-F and tdk-R to amplify the tdk portion of the tdk-Kan r gene cassette from the genome of each of these mutants.
Point mutation rate assays. We utilized a spectinomycin resistance gene in which the eighth codon was mutated from GAA to the TAA stop codon to measure point mutation rates. To create this Spec r -E8* mutational reporter, we amplified the spectinomycin resistance gene from pIM1463 (60) in two halves with primers that introduced the G-to-T mutation in a region common to each PCR product, and then we stitched the two pieces together in a round of overlap PCR. We inserted this marker into the A. baylyi genome in region 1, a site where we had inserted a Kan r gene cassette in a previous study (25) . Specifically, strains ADP1-Spec r -E8* and ADP1-ISx-Spec r -E8* were created by first integrating a tdk-Kan r gene cassette in region 1 and then using the mutant Spec r -E8* DNA assembled with regions of flanking homology as a rescue cassette.
The point mutation rate was assessed for ADP1-Spec r -E8* and ADP1-ISx-Spec r -E8* using LuriaDelbrück fluctuation tests in LB medium. Preconditioned cultures were diluted and used to inoculate 1-ml test tube cultures with ϳ30 to 50 cells. After growth for ϳ18 to 24 h, cells from 24 of the tubes for each strain were pelleted via centrifugation, and the entire amount was plated on LB-Spec agar. These selective plates were incubated at 30°C for 4 days before counting colonies. The other six replicates were diluted 10 6 in sterile saline, plated on nonselective LB agar, and incubated overnight before counting. Point mutation rates were calculated and compared using the rSalvador R package (version 1.7) (35, 61) .
Transformation frequency. Six replicate 0.5-ml transformation reaction mixtures were prepared with 250 ng/ml of DNA consisting of the tdk-Kan r gene cassette PCR amplified with ϳ1,000-bp flanking homologies targeting site 2 or the unmutated Spec r gene cassette amplified with ϳ1,000-bp flanking homologies targeting site 4. At the same time, dilutions from every 0.5-ml transformation mixture were plated onto LB agar to acquire CFU counts corresponding to each. Negative controls with DNA but no cells were included to rule out possible contamination issues. All samples and transformation mixtures were incubated for 16 h. Dilutions of each transformation were plated on LB-Kan and LB agar, and transformation frequencies were calculated by taking the ratios of CFU after overnight incubation at 30°C on selective versus nonselective plates.
eDNA concentration. Eight 5-ml cultures in MS medium were inoculated with a 1:1,000 dilution of preconditioned cells and grown for 48 h. Extracellular-DNA (eDNA) measurements were made using the Qubit high-sensitivity (HS) kit on the supernatant from 1-ml samples of these cultures after centrifuging for 10 min at 21,130 relative centrifugal force (rcf).
LIVE/DEAD staining. Cells from preconditioned cultures grown for 24 h in MS medium were analyzed using the LIVE/DEAD BacLight bacterial viability and counting kit (Molecular Probes). For each biological replicate, 10,000 events were captured on a BD LSR Fortessa flow cytometer and analyzed with FlowJo (v10.1). We analyzed five biological replicates in LB broth and three biological replicates in MS medium for each strain. LIVE/DEAD gating was determined using dead cell controls prepared by incubating cultures with 70% (vol/vol) isopropanol for 1 h at room temperature. Accession number(s). FASTQ files for each sequenced strain have been deposited in the NCBI Sequence Read Archive (accession no. SRP074541).
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